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Abstract
Background/Aims: Adenosine release and connexin (Cx) hemichannel activity are enhanced 
in the respiratory epithelium during pathophysiological events such as inflammation. We 
analysed the interplay between Cx channels and adenosine signalling in human respiratory 
airway epithelium using the Calu-3 cell line as a model. Methods: The Cx hemichannel activity 
in Calu-3 cells was evaluated by dye uptake assays. The expressed Cx isoforms and adenosine 
receptor subtypes were identified by PCR and western blot analysis. Pharmacological and 
molecular biological experiments were performed to analyse the involvement of the different 
adenosine receptor subtypes, the induced signalling pathways and the contribution of 
specific Cx isoforms to the hemichannel activity. Results: The adenosine receptor agonist 
5’-N-ethylcarboxamidoadenosine (NECA) increased the dye uptake rate in Calu-3 cells. The 
pannexon and Cx hemichannel inhibitor carbenoxolone (CBX) did not supress the dye uptake 
at pannexin-specific concentrations (100 µM). High CBX concentrations or the inhibitor La3+, 
both effective on Cx hemichannels, were needed to inhibit the dye uptake. The NECA-related 
increase of dye uptake depended on enhanced cAMP synthesis and subsequent activation of 
the protein kinase A (PKA) as shown by quantification of cAMP levels and pharmacological 
inhibition of the adenylyl cyclase and the PKA. Further pharmacological inhibition as well as 
knockdown experiments with specific siRNA showed that the A2B adenosine receptor was the 
subtype mainly responsible for the increased dye uptake. The NECA-related increase of the dye 
uptake rate correlated with a decrease of Cx43 mRNA and an increase of Cx26 mRNA content 
in the cells as well as Cx26 protein synthesis and was inhibited by Cx26 knockdown using Cx26 
siRNA. Of note, a siRNA-induced knockdown of Cx43 increased the content of Cx26 mRNA 
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and correspondingly the dye uptake rate. Conclusion: The Calu-3 cell model shows that 
stimulation of the A2B adenosine receptor subtype activates synthesis of cAMP. cAMP activates 
PKA and induces thereby an increase in Cx26 and a decrease in Cx43 mRNA levels. As a 
result, the synthesis of Cx26 is reinforced, leading to an enhanced Cx hemichannel activity. The 
report identifies a mechanism that integrates adenosine release and Cx hemichannel activity 
and shows how adenosine signalling and Cx channels may act together to promote persistent 
inflammation, which is observed in several chronic diseases of the respiratory airway.
IntroductionConnexins (Cx) are membrane proteins that form gap junction channels and Cx hemichannels in the membrane of cells [1, 2]. They are the protein product of a gene family composed of 21 members in humans [2, 3]. As membrane proteins Cxs are synthesized and 
inserted into the membrane in the rough endoplasmic reticulum (ER). Along the trafficking pathway through the ER and Golgi apparatus, Cxs oligomerize to hexamers called connexons. These are transported to the plasma membrane where they form Cx hemichannels. Under normal conditions, the open probability of Cx hemichannels is very low due to the relatively high external Ca2+ concentration [4, 5]. Cx hemichannels of adjacent cells might dock to each 
other by interactions of specific motifs of their extracellular loops [6, 7] and form gap junction channels. Gap junction channels allow the intercellular exchange of ions and metabolites such as glucose and second messengers, e. g. cyclic nucleotides and IP3 as well as oligonucleotides such as siRNAs or microRNAs. They thereby allow cells in tissues to form synchronized functional units as nicely illustrated in cardiac tissue [8]. When opened, Cx hemichannels 
are large enough to allow the exchange of metabolites with a size of 1-2 kDa between the external and the intracellular spaces. The Cx hemichannels might also participate in the 
release of mediators such as ATP, ADP or adenosine [9]. Before degradation or reuptake in the cells, the mediators can in a paracrine and autocrine manner bind to their receptors on cells in direct proximity of the site of release. The subsequently produced second messengers in the stimulated cells can then diffuse through gap junction channels, leading to a reaction in a large portion of the tissue. Thus, Cx channels as hemichannels and gap junction channels may participate in different signalling pathways such as adenosine signalling in tissues.Adenosine is a metabolite ubiquitously present in tissue [10, 11]. As extracellular mediator, adenosine is either released or produced by rapid conversion of released ATP or 
ADP through a series of ectonucleotidases such as CD73 and CD39 [11, 12]. As in other tissue, the systemic basal adenosine concentration in respiratory tissue is in the range of 100 nM. However, local increases of external adenosine by transient adenosine and nucleotide release have been observed [13, 14]. The basal and transient adenosine level is part of the innate immune response and is involved in the general pulmonary physiology such as air surface liquid homeostasis [15–18]. Adenosine signalling is related to the adenosine receptor subtypes A1, A2A, A2B and A3 which are all linked to the adenylyl cyclase (AC) via G proteins [12]. While A2A and A2B adenosine receptors are linked to Gs proteins and activate cAMP synthesis, A1 and A3 adenosine receptors activate Gi proteins and inhibit cAMP synthesis [11, 12].
As locally released and produced mediator with a high degradation and reuptake rate, adenosine activates cells in close vicinity of its site of release. However, adenosine affects large tissue areas, suggesting a propagation of adenosine-dependent signalling through 
integrative mechanisms such as Cx channels [19]. Correspondingly, it was observed that 
pathological events, e. g. inflammatory reactions, the hallmark of various pathologies of the respiratory airway epithelium such as acute lung injury (ALI), chronic obstructive pulmonary 
disease (COPD), or asthma, correlated with an exacerbated adenosine release and changes in the activity of Cx channels in the whole organ [20–23]. The second messenger affected by adenosine signalling, cAMP, regulates various cellular processes by activating its targets, 
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the protein kinase A (PKA), the exchange protein directly activated by cAMP (Epac) [24] or 
cyclic nucleotide-gated (CNG) channels [25]. With respect to Cx channels, the cAMP/PKA cascade is a well-studied signalling pathway that predominantly increases the gap junction-
dependent cell-to-cell communication [26, 27]. At molecular level, the cAMP/PKA cascade 
affects gap junction channels by phosphorylation of either Cxs [27, 28] or Cx-regulating 
proteins [29], leading to an increased insertion of connexons into the cell membrane, an elevated opening probability or an increased electrical conductance of single gap junction channels, as well as a reduced removal of gap junction channels from gap junction plaques. 
Additionally, activation of the cAMP/PKA cascade can upregulate Cx expression [29–32]. 
Finally, Bader et al. (2017) showed that in endothelial cells of the blood-brain barrier cAMP enhanced the gap junction coupling by activating a Ca2+ influx through CNG channels [25].In order to analyse the interplay between adenosine signalling and Cx channels in epithelial cells of the respiratory airway system we used the Calu-3 cell line as model. These cells form a tight monolayer of polarized cells with a high transepithelial electrical resistance when cultured in transwell systems [33]. Calu-3 cells also express characteristic molecules 
of bronchial epithelial cells, such as cystic fibrosis transmembrane conductance regulator (CFTR), show a cAMP-dependent Cl- secretion and are able to secrete pulmonary fluids with mucins and other immunologically active mediators [34, 35].We found that the adenosine receptor agonist NECA reduced the mRNA level of Cx43 
while increasing the mRNA amount of Cx26. The increased expression of Cx26 correlated 
with an enhanced Cx26 hemichannel activity. The effect of NECA was related to stimulation of the A
2B
 adenosine receptor subtype and depended on activation of a cAMP/PKA-dependent pathway.
Materials and Methods
Material
NECA and withaferin A were purchased from Biomol (Hamburg, Germany). MRS1754, SCH58261, 
BAY60-6583 and Lucifer Yellow (LY) were purchased from Sigma-Aldrich (Taufkirchen, Germany). CGS21680 
was from Merck Millipore (Darmstadt, Germany). SQ22536 was from Enzo Life Sciences (Lörrach, Germany). 
Adenosine-3’,5’-cyclic monophosphorothioate (Rp-cAMPS) was from Biolog Life Science Institute (Bremen, 
Germany). NECA, withaferin A, MRS1754, SCH58261, CGS21680, and BAY60-6583 were dissolved in DMSO 
while Rp-cAMPS and SQ22536 were dissolved in water. All inhibitors were preincubated for 30 min prior 
to addition of NECA. The vehicles DMSO or water were added to control cells in all experiments at maximal concentrations of 0.1% or 0.3%, respectively.
Cell Culture
The human lung adenocarcinoma epithelial Calu-3 cells (AddexBio, San Diego, CA, USA) were cultured 
in Dulbecco’s MEM/Ham’s F-12 medium (Biochrom, Berlin, Germany) supplemented with 10% foetal calf 
serum (Biochrom, Berlin, Germany), 1 mg/ml penicillin, and 0.1 mg/ml streptomycin (Biochrom, Berlin, 
Germany). The cells were maintained in a cell culture incubator in a humidified atmosphere with 5% CO2 
at 37°C. The cell culture medium was renewed every three days. Cells up to passage 35 were used for experiments.
Transepithelial electrical resistance (TEER) measurementThe TEER was monitored every 24 h by impedance spectroscopy using the cellZscope (nanoAnalytics, Muenster, Germany). For the measurements 105 Calu-3 cells/cm2 were seeded in transwell inserts with a 
transparent PET membrane (pore size 0.4 µm, BD Falcon, Corning) and cultivated in cell culture medium for 3 days before being transferred into the cellZscope and placed in the cell culture incubator. TEER data were automatically recorded by the cellZscope software.
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Western blot
Protein isolation was performed as described previously in Bader et al. (2017) [25]. For isolation 
of total proteins cells were grown in 60 mm diameter cell culture plates or 6 well plates. The cells were 
removed from the surface with a cell scraper, transferred in 1 ml PBS and centrifuged for 4 min at 900 × g 
at 4°C. The cell pellet was resuspended in 20 μl RIPA buffer (25 mM Tris HCl, pH 7.6, 150 mM NaCl, 1% 
nonidet P-40, 1% sodium desoxycholate, 0.1% SDS, freshly added 0.5% protease inhibitor cocktail (Roche, 
Waiblingen, Germany), 10 mM sodium fluoride, 1 mM sodium orthovanadate, 1.5 mM PMSF) and kept for 
15 min on ice before centrifugation for 15 min at 14,000 × g at 4°C. Protein concentration was determined 
with a Bradford assay (Sigma-Aldrich) using bovine serum albumin (BSA) as standard. 20 µg total protein 
was mixed with 5 × Laemmli buffer (13 mM Tris HCl, 2% glycerol, 0.4% SDS, 0.002% bromophenol blue, 
10 mM DTT, pH 6.8), heated at 70°C for 10 min and separated in 5% SDS-polyacrylamide stacking gels and 12% or 15% separation gels. Proteins were transferred onto a nitrocellulose membrane using a semi-dry 
blotting system (transfer buffer: 25 mM Tris HCl, pH 8.3, 192 mM glycine, 0.1% SDS, 20% methanol). The 
membranes were blocked in 5% non-fat dry milk powder in PBS containing 0.5% Tween 20 (PBS-T) for 
2-3 h at room temperature. Anti-β-tubulin antibody as loading control (1:4,000, Sigma-Aldrich, T4026), 
anti-Cx26 antibody (0.5 µg/ml, Merck, MABT198), anti-Cx43 antibody (0.19 µg/ml, Sigma-Aldrich, C6219), 
anti-Cx45 antibody (1 µg/ml, Thermo Fisher Scientific, 41-5800), anti-claudin1 antibody (0.54 µg/ml, 
Thermo Fisher Scientific, 51-9,000), anti-claudin3 antibody (0.5 µg/ml, Thermo Fisher Scientific, 34-1700), 
anti-claudin4 antibody (1 µg/ml, Thermo Fisher Scientific, 32-9400), anti-claudin7 antibody (1.3 µg/ml, 
Sigma-Aldrich, SAB4500436), anti-A2A adenosine receptor antibody (4 µg/ml, alomone labs, AAR-007), and anti-A
2B
 adenosine receptor antibody (3.75 µg/ml, alomone labs, AAR-003) were diluted in PBS-T and 
applied to the membranes at 4°C overnight. The secondary horseradish peroxidase-coupled anti-rabbit 
and anti-mouse antibodies (1:40,000 Sigma-Aldrich, A9169 and A9044) were each applied for 1 h at room temperature. The detection was carried out with a substrate containing coumaric and linoleic acid (100 mM Tris pH 8.5, 1.25 mM linoleic acid, 0.225 mM coumaric acid, freshly added 0.01% H2O2) and imaged with a 
CCD camera imaging system (Intas Science Imaging, Göttingen, Germany).
Immunofluorescence staining
For immunostaining 10 × 105 cells were seeded on collagen I-coated coverslips (diameter 5 mm) and 
grown for 48 h to a confluence of 70%. The cells were fixed with an acetone/methanol mix (1:1) for 5 min 
at -20°C and blocked with 1% BSA in PBS for 30 min at 37°C. The primary antibodies anti-Cx26 (2 µg/ml, 
Merck, MABT198), anti-Cx43 (0.75 µg/ml, Sigma-Aldrich, C6219), anti-Cx45 (10 µg/ml, Thermo Invitrogen, 
41-5800), anti-claudin1 (5 µg/ml, Thermo Fisher Scientific, 51-9,000), and anti-claudin3 (60 µg/ml, Thermo 
Fisher Scientific, 34-1700) were diluted in PBS and added to the cells overnight at 4°C. The secondary 
iFluor488™-conjugated anti-rabbit and anti-mouse antibodies (AAT Bioquest, 16608, 16528) were diluted 
1:1,000 in PBS with 2 μM DAPI (Sigma-Aldrich) for 1 h at 37°C. The cells were washed with PBS and stored 
at 4°C. Immunostaining was imaged with an Eclipse TE2000-E inverse confocal laser scanning microscope 
(Nikon GmbH) with a 60 x water immersion objective and the software EZ-C1 (Nikon GmbH).
Gold nanoparticle mediated laser perforation/dye transfer (GNOME-LP/DT)
GNOME-LP/DT experiments were performed as described previously in Begandt et al. (2015) [36]. 
The cells were seeded at a density of 1.5 × 105 cells/well in 96 multiwell plates and cultivated for 72 h until 
confluence. Gold nanoparticles (AuNPs, diameter 200 nm, 0.5 μg/cm2) were added 3 h before an experiment 
started. Cells were washed with a bath solution containing 121 mM NaCl, 5.4 mM KCl, 6 mM NaHCO3, 5.5 mM glucose, 0.8 mM MgCl2, 1 mM EGTA, and 25 mM HEPES (pH 7.4, 295 mOsmol/l). The laser permeabilisation 
was performed in presence of 0.25% LY dissolved in bath solution. The laser system set-up and laser 
treatment parameters were according to Heinemann et al. (2013) [37]. The set-up included a 532 nm 
Nd:YAG microchip laser (Horus Laser, Limoges, France), enabling 850 ps laser pulses with a repetition 
rate of 20 kHz, a telescope for the adjustment of the laser diameter and a halfwave plate combined with 
a polarizing beam-splitter (Thorlabs, Newton, USA) for adjustment of the laser power. A motorised stage 
(Carl Zeiss, Jena, Germany) with controller unit (Prior Scientific, Cambridge, UK) and a scanner (Müller 
Elektronik, Spaichingen, Germany) enabled the positioning and scanning of the multiwell plates. The laser power and the scanning velocity as well as the selection of wells were controlled by a custom-made 
LabView-based software [37]. To perform GNOME LP/DT, in each well of a 96 multiwell plate, a line of cells 
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was optoperforated by a 20 mW laser beam with a diameter of 60 µm and a scanning velocity of 60 mm/s. After 10 min dye diffusion time, the cells were washed with Ca2+-containing bath solution as previously 
described. The cells were fixed with 4% formaldehyde. In CBX experiments, 400 µM CBX was present 
during optoperforation and all washing steps. To automatically document the GNOME LP/DT experiments, images were obtained with an Orca Flash 4.0 camera (Hamamatsu Photonics, Herrsching am Ammersee, 
Germany) mounted onto an Eclipse Ti microscope (Nikon) with a 10 x objective using the NIS elements AR 
4.21 software (Nikon). The tool Multipoint ND acquisition was used to generate three images with 2044 
× 2048 pixels (1348.4 × 1351.04 μm) per well along the perforated fluorescent cell band plus one image 
aside for background subtraction. To analyse the diffusion distance in the fluorescence plot profiles, a Java-
based ImageJ plugin was used which included a background subtraction. The results were passed to Octave 
4.0-based software for calculation of the dye diffusion distances. The results are given as mean ± SEM from 
at least three biological replicates, the significance of the mean difference was evaluated by a student’s t test.
Dye uptake assays
The activity of Cx hemichannels was analysed by measuring the ethidium bromide (Etd) uptake slightly 
modified from Schadzek et al. (2019) [38]. Calu-3 cells and HeLa cells were cultivated to 40% confluence on collagen I-coated coverslips. The cells were placed in a perfusion chamber with a chamber volume of 
approximately 400 µl and mounted on an Eclipse Ti microscope (Nikon). Regions of interest (ROIs) were 
selected in a transmission micrograph of the cells acquired with an Orca flash 4.0 CCD camera (Hamamatsu 
Photonics Germany). During the experiment, fluorescent images were taken every 15 s with an exposure 
time of 900 ms to assess fluorescence intensity 
changes within the ROIs using the NIS-Elements 
AR 4.4 software (Nikon GmbH). The ISMATEC REGIO ICC peristaltic pump (Cole-Parmer GmbH, Wertheim, Germany) controlled by the software 
ISMATEC® Pump Control (Cole-Parmer GmbH) was used to maintain a constant 1 ml/min 
medium flow rate. During the first 5 min of a 
20 min long dye uptake experiment, the cells in the chamber were perfused with a prewarmed 
(37°C) bath solution containing 121 mM NaCl, 
5.4 mM KCl, 6 mM NaHCO3, 5.5 mM glucose, 0.8 mM MgCl2, 1 mM EGTA, and 25 mM HEPES (pH 
7.4, 295 mOsmol/l), and 5 µM ethidium bromide. For the next 10 min, the medium was changed to a Ca2+/Mg2+-free solution. In some experiments, cells were additionally perfused for 5 min with 
100 µM, 400 µM CBX or 1 mM La3+ added to the Ca2+-free solution. The dye uptake rate (Etd 
uptake in AU/min) was calculated from minute 
1.5-2.5, 5.5-7.5, and 15.5-17.5. The significance of the differences of different perfusion solutions was evaluated by student’s t test.
RT-PCR
For RT-PCR the PeqGOLD Total RNA kit (Peqlab, Erlangen, Germany) was used for total RNA isolation of cells grown on tissue culture plates according to the manufacturer’s protocols. The RNA was eluted twice from the spin columns 
with 20 μl prewarmed (56°C) RNase-free water. The RNA concentration was measured with a Nanodrop2000c™ spectrophotometer (Peqlab). 
The Maxima First Strand cDNA synthesis kit for 
Table 1. List of all primer pairs used for PCR and quantitative real time PCR
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RT-qPCR with dsDNase (Thermo Fisher Scientific) was used for cDNA synthesis. Up to 5 μg total RNA were 
incubated with 1 μl dsDNAse and 1 × dsDNAse buffer for 30 min at 37°C. 1 × reaction buffer and 2 μl enzyme 
mix were added in a final volume of 20 μl. The reaction was carried out for 10 min at 25°C, 30 min at 65°C 
and 5 min at 85°C. Complete removal of genomic DNA was confirmed before reverse transcription by PCR analysis. The primer pairs for gene expression analysis of Cx isoforms and adenosine receptor subtypes are given in Table 1. PCR analyses for qualitative gene expression assessment were performed with the 
OneTaq® Quick-load mastermix (New England Biolabs). Quantitative real time PCR was used to quantify 
gene expression changes after NECA treatment and to analyse RNA knockdown after siRNA transfection. The 
glyceraldehyde 3-phosphate dehydrogenase (gapdh) and β-actin (actB) genes were used as housekeeping 
genes for normalization. The ΔΔct method was used for quantification of the relative mRNA amounts. The 
real time PCR was performed with the KAPA SYBR™ FAST Universal mastermix (Kapa Biosystems) in the 
peqSTAR 96Q real time PCR cycler (Peqlab) and was carried out with an initial denaturation at 95°C for 3 
min, 40 cycles of denaturation at 95°C for 15 s and annealing of primers and elongation at 60°C for 30 s, followed by melt curve generation.
Measurement of intracellular cAMP levels
For ELISA experiments 0.5 × 106 cells per well were seeded in a 24 multiwell plate and grown for 
5 days until confluent. Cells were treated for 20 min with 10 µM NECA or vehicle control (0.1% DMSO). 
Measurements of cAMP levels were performed using the cAMP ELISA Kit (Cayman Chemical, 581001) 
according to the manufacturer’s protocol. For cell lysis 100 μl of 0.1 M HCl were added per well for 20 min at room temperature before the lysate was centrifuged at 1,000 x g for 10 min. The supernatant was used as samples for the assay. The luminometric measurement was performed with a multiplate reader (Mithras, 
Berthold) with a measurement time of 1 s per well. Defined cAMP concentrations served as standard. Chemiluminescence values of treated cell samples were normalised to control cell samples. The results 
are given as mean ± SEM from at least two different cell passages. The significance of the difference was evaluated by student’s t test.
Knock-down of connexin isoforms and the A2B adenosine receptor subtype
For siRNA-mediated knockdown of Cx isoforms and the A
2B
 adenosine receptor subtype, 30 × 105 cells/cm2 were seeded on collagen I-coated coverslips and grown for 24 h to a confluence of about 30%. Cell 
culture media was changed to Opti-MEM (Thermo Fisher Scientific). Cx26-siRNA (Qiagen, Hilden, Germany, 
SI03047856), Cx43-siRNA (SI02780491), A
2B
 adenosine receptor-siRNA (SI02662982), and Silencer Select 
Negative Control No. 2 siRNA (Thermo Fisher Scientific) were diluted in JetPrime dilution buffer (Polyplus 
transfection, Illkirch, France) to a final siRNA concentration of 9.6 nM per 48-well and 26.4 nM per 24-well. 
Per 48-well 1 μl, per 24-well 1.5 µl JetPrime transfection reagent (Polyplus transfection) were added. The 
transfection mix was incubated for 15 min at room temperature before addition to the cells. After 6 h the transfection medium was replaced by standard cell culture medium and cells were cultivated for 48 h before 
dye uptake experiments or quantification of mRNA amount was performed.
Results
Cx channels in Calu-3 Cells
Calu-3 cells form a barrier characterised by a TEER of 500–2,000 Ω cm2 [39] and are therefore considered as an adequate model for the respiratory epithelium. We used this cell model to analyse the interaction between Cx channels and adenosine signalling in the airway respiratory epithelium. Plated at a density of 105 cells/cm2, Calu-3 cells formed a monolayer 
with a TEER of about 700 Ω cm2 within about 11 days (Fig. 1A). This TEER value correlated 
with the expression of claudins, as shown by western blotting for Cld1, Cld3, Cld4 and Cld7 
(Fig. 1B). Moreover, immunocytochemistry showed the presence of claudins distinctively located at cell-cell contact regions (Fig. 1C).
Concerning Cx channels, GNOME-LP/DT experiments showed that Calu-3 cells were 
coupled by gap junction channels. In Calu-3 cell monolayers, a LY-positive cell band (Fig. 
2A) of about 170 µm (Fig. 2B) was found after GNOME-LP treatment. Applied in presence 
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of the gap junction inhibitor CBX (Fig. 2A) GNOME-LP generated a LY-positive cell band of 
only 110 µm (Fig. 2B), indicating that the wider band of LY-positive cells observed in absence 
of CBX was due to lateral diffusion of LY through gap junction channels between the cells. 
Fig. 1. Calu-3 cells cultivated in transwell inserts formed a tight barrier. (A) Time course of TEER development recorded with the cellZscope for cells cultivated in transwell inserts. The data points represent the average 
± SEM from three independent experiments. The red line represents a fitting of the data points to the 
Boltzmann equation. (B) Expression of the claudin (Cld) isoforms Cld1, Cld3, Cld4, and Cld7 in Calu-3 cells 
shown by western blotting. (C) Immunofluorescence staining shows intercellular membrane localisation of Cld1 and Cld3. The scale bar represents 20 µm.
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Fig. 2. Gap junction coupling and Cx hemichannel activity in Calu-3 cells. (A) Representative micrographs of Calu-3 cells after 
GNOME-LP/DT experiments performed in absence or presence of the gap junction channel inhibitor carbenoxolone 
(CBX). The scale bar represents 
200 µm. (B) The quantification of the experiments showed that 
CBX reduced the dye diffusion 
distance of LY from about 
170 µm to about 110 µm. The results are shown as average ± 
SEM from twenty experiments 
with five cell culture passages. The data were statistically compared using student’s t test (P<0.001 ***). (C) Time course of 
a dye uptake experiment showed that reduction of the external Ca2+ concentration accelerated 
the dye uptake as shown by the slope of the tangent to the dye 
uptake curve (red line). (D) Quantification of dye uptake experiments showing that various inhibitors of Cx 
hemichannels inhibited the dye uptake. The results are shown as average ± SEM of five experiments with three cell culture passages. The data were statistically compared using student’s t test (P<0.01 **).
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In addition to gap junction channels, Cxs also form hemichannels that, when open, allow 
the exchange of metabolites between the intracellular and extracellular spaces [9]. The 
hemichannels can be analysed by following the uptake of membrane impermeable dyes such as ethidium bromide (Etd) [5, 38]. In comparison to HeLa cells which are almost Cx-free and 
thus did not show dye uptake (Fig. 2C), Calu-3 cells cultivated under control conditions were able to absorb Etd 3 times as effective when the Ca2+ concentration in the external solution 
was strongly reduced (Fig. 2C, D). The uptake of Etd was inhibited by gap junction inhibitors 
such as 400 µM CBX and 1 mM La3+ below the control level with an Etd uptake rate of 0.1 Au/
min (Fig. 2C, D), but was not affected by low concentration (100 µM) of CBX (Supplementary 
Fig. S1 – for all supplementary material see www.cellphysiolbiochem.com). With respect 
to the expressed Cx isoforms, RT-qPCR revealed the expression of Cx26, Cx30, Cx32, Cx37 
as well as Cx46 and, more pronounced, Cx43 and Cx45 (Fig. 3A). At protein level, western 
blot experiments confirmed protein expression of Cx26, Cx43 and Cx45 (Fig. 3B). Similarly, 
the presence of Cx26, Cx43 and Cx45 localised at cell borders between adjacent cells was observed in immunocytochemical experiments (Fig. 3C).
Interplay between adenosine receptors and Cx channelsTo analyse whether adenosine signalling affected the Cx channels in Calu-3 cells, the cells were cultivated in presence of the adenosine receptor agonist NECA. The analysis of gap 
junction coupling and Cx hemichannels with GNOME-LP/DT and dye uptake experiments, respectively, showed that NECA affected both the cell-cell coupling through gap junction 
channels and the dye uptake through Cx hemichannels. While incubation of Calu-3 cells with 
10 µM NECA for 24 h significantly reduced the gap junction-dependent dye transfer by half 
(Supplementary Fig. S2), the Cx hemichannel-dependent dye uptake rate was significantly 
enhanced by nearly 50% (Fig. 4A). The influence of adenosine signalling on gap junction channels will not be followed in detail in this study. The present report aims to analyse how stimulation of adenosine receptors might affect the activity of Cx hemichannels in respiratory 
epithelial cells. Therefore, we first analysed the expression of adenosine receptor subtypes. RT-PCR experiments showed the expression of the adenosine receptor subtypes A2A and A
2B
 (Fig. 4B) while the subtypes A1 and A3 could not be detected. Western blot experiments 
confirmed the presence of A2A and A2B adenosine receptors on protein level (Fig. 4B). The qRT-PCR analysis revealed a more than 10-fold higher mRNA level of the A
2B
 adenosine receptor subtype in comparison to the A2A adenosine receptor subtype (Fig. 4B). A2A and A2B adenosine receptors are both coupled to Gs proteins [12]. Accordingly, the Calu-3 cells responded to 
Fig. 3. Expression of connexion isoforms in Calu-3 cells. (A) RT-qPCR experiments showed expression 
of different Cx isoforms. Cx43 and Cx45 were remarkably high expressed, followed by Cx26. The results 
represent the average ± SEM from three experiments with three cell culture passages. (B) Western blots 
confirmed protein synthesis of Cx26, Cx43 and Cx45. (C) In immunostainings Cx26, Cx43, and Cx45 were also found at cell-cell contact regions. The scale bar represents 20 µm.
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NECA by increasing the intracellular cAMP concentration by about 50% compared to control conditions (Fig. 4C). This increase in cAMP was also responsible for the NECA-dependent 
enhanced dye uptake since application of SQ22536, a general inhibitor of AC, supressed the 
NECA-induced increase in dye uptake to an only 17% higher relative Etd uptake compared to 
the control (Fig. 4D). Further pharmacological inhibition of A2A and A2B adenosine receptors 
using SCH58261 (0.5 µM) and MRS1754 (0.5 µM), respectively, had different effects on the 
NECA-related enhancement of the dye uptake. While SCH58261 did not affect the NECA-
induced enhancement of dye uptake with a 55% higher relative Etd uptake, MRS1754 as inhibitor of the A
2B
 adenosine receptor subtype antagonized the NECA-dependent increase 
in dye uptake to an with only 18% negligibly higher relative Etd uptake compared to control 
conditions (Fig. 4E). Inversely, CGS21680 (50 nM), a specific agonist of A2A adenosine 
Fig. 4. Expression of adenosine receptor subtypes in Calu-3 cells. (A) Increase in the dye uptake rate induced 
by NECA (10 µM, 24 h) as quantified from dye uptake experiments. (B) RT-PCR analysis and western blot experiments showed expression of the adenosine receptor subtypes A2A and A2B. qRT-PCR analysis showed 
a remarkably higher expression of the A
2B
 adenosine receptor subtype. The results are given as average ± 
SEM from three cell culture passages. (C) NECA increased the intracellular cAMP concentration. The results 
are given as average ± SEM from three cell culture passages. (D) The increase in the dye uptake rate was 
attenuated by the AC inhibitor SQ22536 (SQ, 400 µM) and the PKA inhibitor Rp-cAMPs (Rp-c, 200 µM). (E) 
The NECA-induced increased dye uptake rate was not significantly affected by the A2A adenosine receptor 
antagonist SCH58261 (SCH, 0.5 μM). The A
2B
 adenosine receptor antagonist MRS1754 (MRS, 0.5 μM) blocked 
the NECA-induced increase in the dye uptake rate. The A2A adenosine receptor-specific agonist CGS21680 
(CGS, 50 nM) did not change the dye uptake rate, while the A
2B
 adenosine receptor-specific agonist BAY60-
6583 (BAY, 100 nM) significantly increased the dye uptake rate. (F) siRNA-knockdown of the A
2B
 adenosine 
receptor subtype blocked the NECA-induced increase in the dye uptake rate. The dye uptake rates are 
given as average ± SEM from respectively six experiments with three cell culture passages. The data were statistically compared to the control using student’s t test (P<0.05 *, P<0.01 **, P<0.001 ***).
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receptors, was not able to significantly increase the dye uptake with a 23% higher relative 
Etd uptake, while BAY60-6583 (0.1 µM), a specific agonist of the A
2B
 adenosine receptor 
subtype, was similarly efficient in increasing the dye uptake rate as NECA with a 80% higher 
relative Etd uptake compared to the control (Fig. 4E) [40]. Additionally, the NECA-related 
increase in the dye uptake was suppressed by knockdown of the A
2B
 adenosine receptor 
subtype with specific siRNA with 90% relative Etd uptake compared to the control (neg 
siRNA) (Fig. 4F). Taken together, the results suggest that NECA increased the dye uptake in Calu-3 cells by activating the A
2B
 adenosine receptor subtype which subsequently activated cAMP synthesis (Fig. 4C). cAMP is a second messenger which mostly acts via activation of 
the PKA. We therefore analysed a possible involvement of the PKA. As shown in Fig. 4D the 
PKA inhibitor Rp-cAMPs (200 µM) antagonized the NECA-induced increase in dye uptake to 
control level (90% rel. Etd uptake compared to control conditions), suggesting a central role 
for the PKA in the regulation of Cx hemichannels.
Contribution of specific Cx isoforms to the hemichannel activity
At Cx level, qRT-PCR revealed that NECA increased the mRNA levels of Cx26 and Cx30 
by about 50% and decreased the content of Cx43 mRNA (0.79 rel. mRNA amount compared 
to the control) but did not significantly affect the Cx45 mRNA level (1.20 rel. mRNA amount 
compared to the control) (Fig. 5A). Accordingly, Cx26 was increased at protein level by 
approximately 2.6-fold (Fig. 5B). Moreover, western blot experiments also showed that NECA 
decreased the expression of Cx43 at protein level to 62% of control levels (Fig. 5B). It can 
therefore be assumed that the NECA-related increase of the dye uptake rate was mostly related 
to an increase of the cellular Cx26 mRNA content and upregulation of protein synthesis of 
Cx26 (Fig. 6). This assumption agrees very well with the observation that the PKA inhibitor 
Rp-cAMPs, which was able to suppress the NECA-related enhancement of dye uptake, also 
suppressed the NECA-related upregulation of the Cx26 mRNA level to control level (0.94 rel. 
mRNA amount compared to the control) (Fig. 5A). Furthermore, inhibition of the specificity 
protein 1 (Sp1), a transcription factor for Cx26, with withaferin A concomitantly with the 
application of NECA completely suppressed an increase of Cx26 transcript levels (1.02 rel. 
mRNA amount compared to the control) (Fig. 5A). This suggests a prominent role of the Sp1 
transcription factor in the NECA-induced cAMP/PKA cascade (Fig. 6).
The prominent role of Cx26 in dye uptake was further confirmed by knockdown of Cx26 
using Cx26-siRNA (Fig. 5C, Supplementary Fig. S3). The specific siRNA decreased the dye 
uptake rate by about 55% (Fig. 5D). In comparison, a Cx43-siRNA did not reduce the dye 
uptake but rather showed a tendency to increase the dye uptake rate to 154% compared to 
the control siRNA (neg siRNA) (Fig. 5D). Moreover, in cells treated with Cx26-specific siRNA, 
NECA was not able to enhance the dye uptake rate anymore (40% rel. Etd uptake compared 
to the neg siRNA) (Fig. 5D). This effect was due to a specific targeting of Cx26 since a control siRNA not targeting Cxs (Fig. 5C) was not able to affect the NECA-related enhancement of dye 
uptake with an 80% higher relative Etd uptake compared to the control (neg siRNA) (Fig. 
5D). When using the Cx43-siRNA, the Cx26 mRNA level was increased by 1.4-fold (Fig. 5C). The results suggest that NECA, by activating A2B adenosine receptors, induced a cAMP/PKA 
cascade that upregulated the expression of the Cx26 isoform via the Sp1 transcription factor, which in turn upregulated the formation of Cx hemichannels responsible for the enhanced 
dye uptake rate in Calu-3 cells (Fig. 6).
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DiscussionPulmonary epithelial cells maintain a barrier that separates the atmospheric space (luminal) from the body circulatory system (abluminal) [41]. The physiological function of this barrier is modulated by different mediators such as adenosine which is released by different cells in the tissue [22, 42]. The systemic concentration of adenosine is maintained 
at very low levels by mechanisms of cellular uptake and degradation [43]. However, transient and local adenosine increases can be observed in response to various stimuli within the tissue and it was observed that locally released adenosine can affect the function of a whole 
organ [14], suggesting an involvement of integrative systems such as Cx channels [19]. In the present report Calu-3 cells were used as model to analyse the interplay between adenosine signalling and Cx channels in human respiratory airway epithelial cells. As shown above, Calu-3 cells formed an excellent barrier characterized by a high TEER (Fig. 1A). This barrier, 
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Fig. 5. Activation of adenosine receptors regulates connexin expression in Calu-3 cells. (A) qRT-PCR analysis 
showed an increase in the mRNA level of Cx26, Cx30 and a decrease in the mRNA level of Cx43 induced by 
NECA (10 µM, 24 h). The PKA inhibitor Rp-cAMPs (Rp-c, 200 µM) as well as the Sp1 inhibitor withaferin A 
(witA, 1 µM) blocked the NECA-induced increase in Cx26 mRNA. (B) Western blot experiments showed an 
increase in Cx26 protein level and a decrease in Cx43 protein level induced by NECA. The results are given 
as average ± SEM from three cell culture passages. (C) The mRNA levels of Cx26 and Cx43 were significantly 
reduced after 48 h treatment with specific siRNAs. The Cx26 mRNA level was increased after Cx43-siRNA 
treatment, the Cx30 mRNA level was not significantly affected by both Cx26- and Cx43-siRNAs. The results 
are given as average ± SEM from at least three experiments. (D) The dye uptake rate of Calu-3 cells was 
significantly reduced after knockdown of Cx26 with specific siRNA, and NECA was not able to affect it. The 
results are given as average ± SEM from at least six experiments with three cell culture passages. The data were statistically compared to the control (contr, neg siRNA) using student’s t test (P<0.05 *, P<0.01 **, P<0.001 ***).
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which is one of the convincing evidences that Calu-3 cells are a suitable model for epithelial cells of the respiratory airway [33], correlated with an expression of the claudins Cld1, Cld3, 
Cld4, and Cld7 (Fig. 1B). These were detected in western blot experiments (Fig. 1B) as well as in immunocytochemical experiments with a prominent localisation at cell-cell borders (Fig. 1C) where they probably participated in tight junction formation [44].
Adenosine receptors are part of the purinergic signalling system, which is linked to a 
regulation of diverse functions in the respiratory epithelium [9, 13–16]. In our experiments we found that a 24 h treatment of Calu-3 cells with NECA, an agonist that stimulates both A2A and A2B adenosine receptor subtypes [40], reduced the gap junction coupling-related dye 
transfer (Supplementary Fig. S2) but increased the dye uptake (Fig. 4A). In the following we 
concentrated on the dye uptake results. Dye uptake can be achieved by activation of various 
channels such as pannexons formed by pannexins, P2X7 channels or Cx hemichannels called connexons [45]. At pharmacological level, connexons and pannexons are inhibited by agents 
such as CBX or La3+, but differ with respect to their sensitivity to these agents. Pannexons are 
already closed at low micromolar CBX concentrations while higher concentration of CBX or La3+ are needed for a proper inhibition of connexons [5, 46]. In our experiments we found 
that the dye uptake was only affected by 400 µM CBX and 1 mM La3+ (Fig. 2C, D and Fig. 4A). 
CBX concentrations of 100 µM did not affect the dye uptake rate (Supplementary Fig. S1). 
Taken together, these findings show that the dye uptake was related to Cx hemichannels.NECA is an agonist of adenosine receptors that regulate cAMP synthesis by activation 
or inhibition of the AC. In our experiments, the NECA-related enhancement of dye uptake was accompanied by an increase of cAMP synthesis (Fig. 4C) and was suppressed by 
inhibition of the AC with SQ22536 (Fig. 4D), indicating that NECA affected the dye uptake by activating A2A and A2B adenosine receptors that stimulate the AC to synthesize cAMP. This is supported by the expression analysis that revealed that Calu-3 cells only expressed the A2A and A2B adenosine receptor subtypes (Fig. 4B). At mRNA level, adenosine receptor 
stimulation increased the cellular content of Cx26 and Cx30 mRNA (Fig. 5A) and we could 
also observe that Cx26 was upregulated at protein level as shown by western blotting 
Fig. 6. Proposed mechanism of interplay between adenosine signalling and Cx26 hemichannels. The stimulation of A
2B
 adenosine receptors induces the synthesis of cAMP which activates the protein kinase 
A (PKA). The PKA in turn phosphorylates CREB and/or the specificity protein 1 (Sp1) resulting in an 
upregulation of Cx26 expression and synthesis. A proposed enhanced insertion of Cx hemichannels into the 
membrane leads to an increase in Cx hemichannel activity. Red labels indicate experimental confirmations.
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(Fig. 5B). Moreover, the dye uptake and its adenosine receptor-related enhancement were 
completely inhibited when Cx26 was knocked down using Cx26-specific siRNA (Fig. 5D). 
The data stress the prominent role of Cx26 in the formation of Cx hemichannels and in the 
Cx hemichannel-related dye uptake of the cells as response to stimulation of adenosine 
receptors. The finding that NECA treatment also induced an increase in mRNA and protein 
levels of Cx26 is further evidence that the dye uptake was due to Cx26 hemichannels. It is of interest to note the following two observations: The stimulation of adenosine receptors 
downregulated Cx43 expression while upregulating Cx26 expression (Fig. 5A, B). The siRNA-
dependent knockdown of Cx43 increased the expression of Cx26 and was followed by an 
increased activity of Cx hemichannels as documented by dye uptake experiments (Fig. 5C, 
D). The downregulation of Cx43 as result of NECA application could probably explain the 
reduction of gap junction coupling observed in the NECA-treated cells (Supplementary Fig. 
S2), indicating that while Cx26 was predominantly involved in hemichannel activity, Cx43 was mainly responsible for intercellular gap junction coupling. Future studies should clarify 
this point and the link between adenosine signalling and the downregulation of Cx43 and 
its consequence in respiratory airway epithelial cells. The upregulation of Cx26 expression 
in response to Cx43 knockdown suggests an antagonistic regulation of Cx26 and Cx43 expression that should be analysed more detailed in future studies.Through activation of the A2A and A2B adenosine receptors expressed in Calu-3 cells, 
NECA upregulated the expression and synthesis of Cx26 (Fig. 5A), which correlated with 
an increase of Cx26 hemichannel activity (Fig. 4A). The increase of the hemichannel activity 
was suppressed when the adenosine receptor stimulation took place in the presence 
of MRS1754, an inhibitor of the A
2B
 adenosine receptor subtype, while the A2A adenosine 
receptor subtype inhibitor SCH58261 did not affect the NECA-related enhancement of Cx hemichannel activity (Fig. 4E). Additionally, the A2A adenosine receptor agonist CGS21680 
was not able to significantly increase the dye uptake, while the specific A
2B
 adenosine receptor 
agonist BAY60-6583 was even slightly more efficient in increasing the dye uptake rate than NECA (Fig. 4E) [40]. Moreover, an analysis of the adenosine receptor expression showed that the A
2B
 adenosine receptor was more expressed than the A2A adenosine receptor on mRNA 
level (Fig 4B). Similar results concerning adenosine receptor expression levels were found 
by other authors in bronchial epithelial cells [47]. Considering the results obtained through pharmacological modulation of adenosine receptors (Fig. 4E) and the expression data (Fig. 
4B) we assume that the NECA-induced enhancement of Cx26 hemichannel activity was related to the stimulation of the A
2B
 adenosine receptor subtype. This assumption was confirmed by 
the finding that the NECA-related enhancement of Cx hemichannel activity was suppressed when the A
2B
 adenosine receptor subtype was knocked down using specific siRNA (Fig. 4F). 
From this it can be assumed that adenosine signalling affects Cx26 hemichannels only via the A
2B
 adenosine receptor subtype, the adenosine receptor subtype with the highest expression level, which agreed very well with other studies revealing that the A
2B
 adenosine receptor subtype was the most abundant adenosine receptor subtype in bronchial epithelial cells [48]. 
However, it is also possible that the different adenosine receptor subtypes may be linked to 
variable cascades, thereby regulating different functions [49]. In functional analyses the A
2B
 adenosine receptor was found in the whole cell membrane in an unpolarised manner [50–52]. For the A2A adenosine receptor Sun et al. (2008) proposed an apical restriction of the localisation [50], while other authors argued for a strictly basolateral localisation [51, 52]. Regardless of these contradictions, these studies assume a polarization of the A2A adenosine 
receptor subtype. The finding suggests that the A2A and A2B adenosine receptors might differ 
in their trafficking and probably in their scaffold systems to which they are anchored and 
thereby can be involved in different signalling cascades. Taken together the results show for 
the first time that stimulation of the A
2B
 adenosine receptor may specifically enhance Cx26 hemichannel activity in epithelial cells of the respiratory airway.Concerning the pathway by which the activation of the A
2B
 adenosine receptor 
increased the Cx26 hemichannel activity (Fig. 6), we showed that the enhancement of Cx26 
hemichannel activity was related to the activation of the cAMP/PKA cascade (Fig. 4C, D). 
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This signalling pathway can affect Cx channels by phosphorylation of Cxs [27, 28]. Cx26 was 
previously described as a non-phosphorylated Cx [28, 53], but new data show that Cx26 
can be phosphorylated [54]. However, changes in phosphorylation take place within a short 
time in the range of minutes while the observed enhancement of Cx26 hemichannel activity 
was observable after stimulation period of many hours, suggesting that dependency to Cx26 
phosphorylation for the observed effects was unlikely. Activation of the cAMP/PKA cascade 
can also regulate Cx expression [53]. Our results showed a significant increase of Cx26 and Cx30mRNA levels as a result of the stimulation of adenosine receptors using NECA (Fig. 5A), 
that was suppressed by inhibition of the PKA (Fig. 5A). An increase in the amount of specific 
mRNAs can be achieved by a transcriptional upregulation of the Cx26 and Cx30 genes or by a reduced mRNA degradation. We observed that the NECA-related increase of the cellular 
Cx26 mRNA content was antagonized by inhibition of the transcription factor Sp-1 (Fig. 5A). 
This result suggests that the increase of Cx26 and Cx30 mRNA content may be related to an 
upregulation of the respective gene transcription. Cx26 and Cx30 are encoded by the genes 
GJB2 and GJB6 in the deafness locus DFNB1 on 13q12 [55]. These genes are contiguous and 
co-regulation was observed in different cell types [56–58]. Interestingly, the upregulation 
of Cx26 correlated with a downregulation of Cx43 in Calu-3 cells (Fig. 5A). The mechanism 
of this finding is yet a matter of speculation. Expression of different Cxs is regulated by 
variable transcription factors [59]. The promotor regions of both the GJB2 and GJB6 gene 
contains binding sites of Sp1 [32, 60–63], a transcription factor which was shown to form 
a transcription complex with the PKA-activated cAMP response element-binding protein 
(CREB) [64]. Moreover, it was shown that depending on other co-expressed transcription 
factors, e.g. REV-ERBβ, Sp1 can upregulate or downregulate Cx43 expression [65]. Since the 
cAMP pathway participates in the expression of transcription factors [32, 66], it is tempting to speculate this was induced by activating cAMP synthesis through stimulation of A2B adenosine receptors in epithelial cells of the respiratory airway, in turn upregulating the 
expression and synthesis of Cx26. The increasing amount of Cx26 proteins forming Cx26 hemichannels in the cell membrane thereby leads to an increase in Cx hemichannel activity 
(Fig. 6).
Persistent inflammation and alteration of lung structure are symptoms of chronic 
respiratory diseases, which encompass various pathological conditions such as cystic fibrosis 
(CF), idiopathic pulmonary fibrosis (IPF), COPD and asthma [67]. Adenosine is one of the 
mediators whose release is upregulated during inflammatory conditions of the respiratory 
airway epithelia [11, 21, 48]. Since we observed a possible adenosine-induced enhancement 
of Cx26 hemichannel activity through which intracellular molecules such as adenosine 
or purine nucleotides can be released, it is possible that adenosine signalling and Cx26 
hemichannels interact in a vicious circle that fires and maintains the inflammation leading to 
detrimental effects in the tissue [19]. In this model (Fig. 6) a specific targeting of Cx26 could 
be a possible treatment of inflammation related diseases of the airway epithelium [23, 68].
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